Caulobacter crescentus has been studied well as a model of bacterial differentiation (30, 39, 55) . Since the early studies on the conditions for growth of C. crescentus (summarized in references 44 and 54) , only a few publications on intermediary metabolism and none on nutrient transport mechanisms have been published.
Analysis of the genome sequence of C. crescentus predicts 67 TonB-dependent outer membrane transport proteins and no porin of the Escherichia coli OmpC/F type (40; A. Lupas, personal communication). In gram-negative bacteria, TonBdependent outer membrane proteins transport bacterial and fungal Fe 3ϩ siderophores, heme, Fe 3ϩ provided by transferrin and lactoferrin of the mammalian hosts, and vitamin B 12 (7, 10, 14-19, 34, 46, 51, 60) . The low level of iron available to bacteria requires extraction from media and very strong binding to outer membrane proteins, from which a vectorial transport into the periplasm occurs. In contrast to diffusion through porins, TonB-dependent transport requires energy, which is provided by the proton motive force of the cytoplasmic membrane (5) . The crystal structures of TonB-dependent outer membrane transport proteins reveal ␤-barrels closed by globular domains that insert from the periplasm into the channel formed by the ␤-barrel and close them completely (14, 24, 25, 38, 62) . Electrochemical energy of the cytoplasmic membrane harvested by the TonB-ExbB-ExbD protein complex (6, 46) and transferred via TonB to the transporters must cause a structural change in the transporters that releases the substrates from their binding sites and opens the channels through which the substrates move into the periplasm.
If the prediction of 67 TonB-dependent proteins in C. crescentus holds true, substrates other than ferric iron, ferric iron complexes, and vitamin B 12 are likely to be transported by TonBdependent proteins. C. crescentus is mainly found in freshwater lakes, streams, and ponds with low nutrient content. Strong binding of the scarce nutrients other than iron and vitamin B 12 to surface-exposed proteins and subsequent active transport across the outer membrane could be a mechanism to acquire sufficient nutrients. To test this hypothesis, we identified one of the 67 outer membrane proteins as being involved in the uptake of maltodextrins and showed that uptake requires the presence of an outer membrane protein and proteins homologous to the E. coli ExbB ExbD proteins. Since ExbB ExbD homologs are also required for growth promotion of C. crescentus by Fe 3ϩ -rhodotorulate on an iron-limited medium, it is likely that the requirement of ExbB ExbD reflects the requirement for energy-dependent outer membrane transport.
MATERIALS AND METHODS
Bacteria, plasmids, and media. The C. crescentus and E. coli strains and the plasmids used in this study are listed in Table 1 . C. crescentus cells were grown at 30°C in PYE rich medium or in M2 salt minimal medium (22) supplemented with 0.3% glucose or 0.3% maltose. E. coli cells were grown at 37°C on tryptoneyeast extract medium (33) . Antibiotics were used at the following concentrations (in micrograms per milliliter) for C. crescentus: ampicillin, 50 on plates, 7.5 in liquid culture; chloramphenicol, 2; tetracycline, 2 on plates, 1 in liquid culture; gentamicin, 50 on plates, 25 in liquid culture; spectinomycin, 50 on plates, 25 in liquid culture; and streptomycin, 5. Antibiotics were used at the following concentrations (in micrograms per milliliter) for E. coli: ampicillin, 50 in liquid culture; chloramphenicol, 25; gentamicin, 50 in liquid culture; spectinomycin, 50 in liquid culture; streptomycin, 30; kanamycin, 30; and nalidixic acid, 20. C. crescentus JS1003 is resistant to nalidixic acid, ampicillin, and kanamycin. Growth promotion was tested on M2 salt agar plates on which 10 8 bacteria were seeded in 3 ml M2 salt soft agar. Ten microliters of the nutrients to be tested were placed on sterile filter paper disks with a 6-mm diameter. Bacterial growth was scored around the disks after 16 and 24 h of incubation at 30°C. The maltodextrins used were purchased from Sigma-Aldrich Chemie, Taufkirchen, Germany, and their purity was verified by high-pressure liquid chromatography (HPLC) analysis. ]maltopentaose were kindly provided by Winfried Boos, University of Konstanz, Germany. They were prepared by a published procedure (41) and had a specific radioactivity of 300 Ci/mol.
Recombinant DNA techniques. Isolation of plasmids, use of restriction enzymes, ligation, agarose gel electrophoresis, transformation, hybridization, and Southern blotting were performed by standard methods (50) . PCR of E. coli DNA was performed as follows: 3 min at 94°C; 35 cycles, with 1 cycle consisting of 1 min at 94°C, 2 min of annealing at 54°C, and 3 min of elongation at 72°C; and then 10 min at 72°C. The GC-rich DNA was amplified as described above for E. coli, but the annealing temperature started at 64°C and was lowered at each cycle by 0.5°C. Information on the primers used for PCR will be provided upon request.
Cloning of genes and mutated genes. The genes homologous to E. coli malA, tonB, exbB exbD, and tolQ tolR were cloned by PCR with appropriately designed primers from the C. crescentus chromosome. Plasmid pMR2287 contains a 3-kb BglII-KpnI malA fragment in pMR20. pBAD2287His encoding MalA labeled at the C terminus with His 6 (MalAHis 6 ) was constructed by cloning the 2.8-kb BglII-KpnI fragment into pBADMyc/HisB. pHB138 contains an ⍀ insertion in cc2287 (⌬malA) cloned with SpeI in pNPTS138Tet. pHB139 contains an ⍀ insertion in cc2327 (⌬tonB) cloned with SpeI in pNPTS138Tet. pHB140 contains a gentamicin resistance cassette insertion in cc2335-2336 (⌬exbBD) cloned with SpeI in pNPTS138Tet. pHB141 contains an ⍀ insertion in cc3232-3233 (⌬tolRQ) cloned with SpeI in pNPTS138Tet. pHB142 contains a gentamicin resistance cassette insertion in cc3232-3233 (⌬tolRQ) cloned with SpeI in pNPTS138Tet. pETcctonB contains a 743-bp NdeI-EcoRI tonB fragment cloned in pET27b(ϩ). 
Construction of C. crescentus mutants.
The malA, tonB, and exbB exbD target genes were mutated by insertion of an ⍀ or gentamicin resistance cassette (1, 22, 47) . The flanking genes of the target gene were amplified by PCR, ligated, and cloned into the pDrive vector. The 2-kb ⍀ Spc r -Str r fragment of pHP45⍀ and the 0.6-kb MluI Gm r fragment of pBSL202 were cloned between the two flanking genes, and the DNA was amplified by PCR and cloned into pNPTS138Tet, which was derived from pNPTS138 by insertion of the 1.4-kb MluI Tet r fragment of pBSL204. The resulting plasmid was introduced into E. coli S17-1 pir by transformation and transferred by conjugation on PYE nutrient plates into C. crescentus JS1003. Growth of the donor strain was inhibited by nalidixic acid, and integration of the plasmid into the recipient genome was selected with streptomycin-spectinomycin or gentamicin. A second recombination deleted the target gene along with sacB and the Tet r gene by growing cells on 3% sucrose. The deletion of the target gene was verified by Southern blotting and DNA sequencing.
Isolation of the outer membrane fraction of C. crescentus. One liter of PYE medium or 2 liters of M2 medium supplemented with 0.3% glucose or 0.3% maltose was inoculated with 20 ml of an overnight culture of C. crescentus and shaken at 30°C for 2 and 3 days, respectively. Cells were harvested by centrifugation for 20 min at 10,000 ϫ g, washed with 50 mM Tris-HCl, pH 8, and suspended in 15 ml of 60 mM Tris-HCl, pH 8, 0.2 mM EDTA, 0.6 ml of Complete protease inhibitor mixture (Boehringer, Mannheim, Germany), 0.15 ml of 1 mM phenylmethylsulfonyl fluoride, and 0.3 ml of DNase (1 mg per ml). Cells were disrupted in a French pressure cell three times at 16,000 lb/in 2 , and cell debris was pelleted by centrifugation twice at 10,000 ϫ g for 20 min. Fifteen milliliters of extraction buffer (50 mM Tris-HCl, pH 8.0, 10 mM MgCl 2 , 2% Triton X-100) was added. The sediment obtained after 60 min of centrifugation at 38,000 ϫ g contained the outer membrane fraction, which was washed twice with 10 ml water and finally suspended in 0.3 ml water.
Two-dimensional (2-D) gel electrophoresis. To the outer membrane fraction, 0.6 ml of 66% acetone in water was added, and the mixture was incubated overnight at Ϫ20°C to remove lipids. The pellet was washed with 0.1 ml 66% acetone, sedimented by centrifugation, and suspended in buffer containing 9 M urea, 4% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 1% dithiothreitol, and 2.5% pharmalyte (Amersham Biosciences, Freiburg, Germany). Solubilization of the proteins was aided by sonication. Undissolved proteins were removed by centrifugation. The entire protein solution was subjected to isoelectric focusing on Immobiline DryStrips pH 4-7 (Amersham Biosciences). The proteins were separated in the first dimension by isoelectric focusing for 48 h in a Multiphor II (Amersham Biosciences). For protein separation in the second dimension, the strips were equilibrated in 50 mM Tris-HCl, pH 8.8, 6 M urea, 4% sodium dodecyl sulfate (SDS), and 2% dithiothreitol and then in 50 mM Tris-HCl, pH 8.8, 6 M urea, 4% SDS, and 4.8% iodoacetamide. The SDS-polyacrylamide gels were run for 18 h at 250 mA in an IsoDalt electrophoresis system (Amersham Biosciences). The gels were stained with Coomassie blue if they were to be subsequently analyzed by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) or with silver nitrate.
Mass spectrometry for protein identification. In-gel digestion and protein identification were performed as previously described (55, 56) with minor modifications. The protein spots were excised from the gel, washed with Milliporepurified water and with 50% acetonitrile-water. After the protein spots were dried, trypsin (sequencing grade; Promega, Mannheim, Germany) was added to each sample. Tryptic protein fragments were extracted from the gel matrix with 5% formic acid and with 50% acetonitrile-5% formic acid. The extracts were pooled and concentrated in a speed vac concentrator. After purification with ZipTips (C18-ZipTip; Millipore, Bedford, MA), aliquots were deposited on a spot of ␣-cyano-4-hydroxycinnamic acid-nitrocellulose and analyzed with a Reflex III MALDI-TOF mass spectrometer (Bruker Daltonic, Bremen, Germany). All measurements were performed in the positive-ion reflection mode at an accelerating voltage of 23 kV and delayed-pulsed ion extraction. Sequence verification of tryptic fragments was performed by nanoelectrospray tandem mass spectrometry on a hybrid quadrupole orthogonal acceleration time-of-flight mass spectrometer (QSTAR Pulsar i; Applied Biosystems/MDS Sciex, Foster City, CA) equipped with a nanoflow electrospray ionization source. Purified aliquots were loaded in a nanoelectrospray needle (BioMedical Instruments, Zoellnitz, Germany) and tandem mass spectra were obtained by collision-induced decay of selected precursor ions. The instrument was calibrated externally.
Database searches (NCBInr, nonredundant protein database) were performed using the MASCOT software from Matrix Science (42) with methionine oxidations as variable modifications (probability value P Ͻ 0.05). 6 by affinity chromatography on a Ni 2؉ -NTA agarose column. E. coli BL21 omp8 was transformed with pBAD2287His. The culture was grown at 37°C to an optical density at 578 nm of 0.5, and then arabinose (0.002%) was added to induce transcription. After 1.5 h of further cultivation, the cells were harvested by centrifugation, and the outer membrane fraction was isolated and incubated overnight at 12°C in 1% SDS. The solubilized proteins were identified by SDS-polyacrylamide gel electrophoresis (13% acrylamide). The protein mixture was adjusted to 50 mM NaH 2 PO 4 , pH 8, 0.3 M NaCl, 10 mM imidazole, and 0.2% SDS by passage through a PD-10 column (Amersham Biosciences) equilibrated with this buffer. The sample was then applied to a Ni 2ϩ -nitrilotriacetic acid (Ni 2ϩ -NTA) agarose spin column (QIAGEN, Hilden, Germany), and the column was washed with the same buffer but with increasing concentrations of imidazole (10, 20 , and 250 mM). MalAHis 6 was eluted with 250 mM imidazole.
Purification of MalAHis
[ 14 C]maltose transport. Cells were grown in M2 medium supplemented with 0.3% maltose as a carbon source, harvested by centrifugation, and washed once in M2 medium. The pellet was suspended in 1.3 ml of M2 medium containing 0.3% glucose, and the optical density at 578 nm was adjusted to 0.5. [
14 C]maltose (specific activity of 25.1 GBq/mmol) was added to a final concentration of 0.2 M. For the inhibition experiments, maltose and larger maltodextrins, with final concentrations from 0.1 to 20 M, were mixed with [
14 C]maltose. Samples of 0.2 ml were withdrawn after 0.2, 1, 2, 3, 4, and 5 min, collected on cellulose nitrate filters, washed twice with 5 ml M2 salt medium, and dried. The radioactivity was determined in a liquid scintillation counter.
In addition, a rapid dilution method was used to measure concentrationdependent initial maltose transport (19, 32) . Cells were incubated for 15 s with 0.01, 0.05, 0.1, 0.2, 0.5, and 2 M [ 14 C]maltose, and 0.2-ml samples were withdrawn and diluted into 5 ml M2 buffer that contained 0.1 mM maltose. Cells were collected by filtration, washed twice with 5 ml M2 medium supplemented with 0.3% maltose, and dried, and the radioactivity was determined.
For inhibition of maltose transport with carbonyl cyanide 3-chlorophenylhydrazone (CCCP), CCCP was dissolved to 0.1 M in 5% acetic acid and then adjusted with 1 M NaOH to pH 7.1. Cells were incubated with 0.1 mM CCCP for 10 min at 30°C prior to the addition of [
14 C]maltodextrins. Inhibition experiments with sodium arsenate (10 M, 0.5 mM, and 1 mM) were performed in a 0.1 M Tris-HCl-0.1 mM MgCl 2 buffer, pH 7.0. Cells were cultured in M2 medium supplemented with 0.3% maltose and then washed twice with the Tris-HCl-MgCl 2 buffer to remove phosphate. The initial transport rate in this medium was half the rate in the M2 medium but reached the same value after 2 min.
HPLC analysis of maltodextrins. The purity of the purchased nonradioactive maltodextrins was determined on a Shimadzu HPLC analyzer equipped with a Reprosil 100 NH 2 column (5 m; 250 ϫ 4 mm), a SCL-10A controller, two LC-10At pumps, an SIL-10AXL autoinjector, a SPD-10AV UV/VIS spectrophotometric detector, and a C-R4 AX Chromatopac computer. Samples (20 l) were injected and chromatographed with an isocratic solvent system consisting of double-distilled water and acetonitrile (35:65, vol/vol) with a flow rate of 1 ml per min. The eluted compounds were detected at 220 nm.
Sequence alignments. The C. crescentus genome was analyzed and compared with other genomes using Gene versus All Alignment at http://www.tigr.org/tigr -scripts/CMR2/GenePage.spl?, http://www.ebi.ac.uk/fasta33/proteomes.html, and http://www.ebi.ac.uk/blast2. For the prediction of TonB-dependent outer membrane proteins, the program at http://www.ncbi.nlm.nih.gov./cgi-bin/COG/palox ?COG1629 and HHpred (58) were used. The presence of signal sequences was analyzed with the program at http://expasy.org/cgi-bin/niceprot.pl?Q9A608.
RESULTS
Identification of a maltose-inducible outer membrane protein. C. crescentus contains a quantitatively dominant protein, designated RsaA, at the cell surface that forms an S-layer (21) . To avoid interference of RsaA with the identification of a nutrient-inducible outer membrane protein among the predicted TonB-dependent proteins, strain JS1003, which lacks RsaA, was used.
After growth of strain JS1003 on the rich PYE medium, the outer membrane fraction was isolated and various methods were evaluated for solubilization and subsequent separation of the outer membrane proteins by 2-D gel electrophoresis. Figure 1 shows a protein profile obtained with the method described in Materials and Methods. The outer membrane of C. crescentus contains many proteins, particularly in the 80-to 100-kDa range of the predicted TonB-dependent proteins. The high-molecular-mass section of the 2-D gels is shown in Fig. 2 , where outer membrane proteins of cells grown in PYE medium ( Fig. 2A) , minimal M2 medium with glucose ( Fig. 2B) , and minimal M2 medium with maltose ( Fig. 2C ) as carbon sources were compared. Maltose was chosen as the substrate to be tested, since starch is a major carbon source in nature and E. coli contains the maltose-inducible LamB protein, which facilitates diffusion of maltodextrins across the outer membrane. We hypothesized that the diffusion facilitator of E. coli has in C. crescentus developed further to an energy-coupled transporter. The numbered protein spots were eluted and analyzed by MALDI-TOF mass spectrometry. The proteins numbered 1 to 13 belonged to the predicted TonB-dependent proteins ( Table 2 ). The protein numbered 13 was the most highly expressed protein in cells grown with maltose and was studied further.
Predicted structure of the MalA protein. Spot number 13 was assigned to locus cc2287 of the C. crescentus genome sequence and designated MalA. MalA has a molecular mass of 99,501 Da and contains a predicted signal peptide of 32 residues (Fig. 3) . The sequence EEVVIT starts at residue 14 of the mature protein; this sequence resembles E. coli TonB box sequences, for example, EETVIV of FhuE. Computer-assisted sequence analyses with the HHpred program clearly predict a 141-residue N-terminal sequence that resembles the folding of the cork (plug, hatch) of the five outer membrane transporters with known crystal structures, including the conserved fourstranded ␤-sheet (h␤1-h␤4 and the two amphipathic ␣-helices [h␣1 and h␣2]). A strong propensity for ␣-helix formation is predicted for residues 26 to 33 which are close to the so-called switch helix of FhuA and FecA and seen there only in the proteins unloaded with substrates (24, 25, 38, 62) . In addition, 22 antiparallel ␤-strands with short turns connecting the ␤-strands in the periplasm and large loops above the cell surface are predicted (Fig. 3) . The largest loop between ␤-strands FIG. 1. Two-dimensional gel electrophoresis of an outer membrane preparation (40 g protein) of C. crescentus JS1003 grown in rich PYE medium. Proteins were separated in the first dimension by isoelectric focusing (pH 4 to 7) and in the second dimension according to the size of the proteins in the presence of 0.1% SDS. Protein spots were visualized by silver staining.
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C. CRESCENTUS OUTER MEMBRANE MalA TRANSPORTER 8303 7 and 8 encompasses 79 residues, and the second largest loop between ␤-strands 9 and 10 encompasses 61 residues. For comparison, the largest loop in the outer membrane transporters with known crystal structures is in FepA with 37 residues (34). The larger size of MalA (100 kDa) compared to the 80 kDa of the ferric siderophore transporters seems to be caused by the larger surface loops. Among the outer membrane transporters with available crystal structures the highest sequence identity is to the cork of BtuB (25%) and the barrel of FecA (25% Predicted maltodextrin transport locus. The malA gene is located near a predicted gene encoding a transport system across the cytoplasmic membrane (Fig. 4) with sequence sim- ilarities to sugar transporters in prokaryotes and sucrose transporters in plants. Also in this region of the chromosome are found one gene assigned to the family of lacI regulatory genes, two genes encoding ␣-amylases, and one gene encoding a glucoamylase with a predicted signal sequence. The transcription polarity of the mal genes suggests a divergent promoter upstream of cc2286 and malA which controls transcription of cc2283 to cc2286 and in the opposite direction transcription of malA. It is likely that these genes are all involved in the uptake and metabolism of maltodextrins, similar to the periplasmic ␣-amylase of E. coli, which degrades larger maltodextrins, and ␣-amylase and glucophosphorylase, which cleave maltose in the cytoplasm. MalA-dependent growth on maltodextrins. To determine the function of MalA in maltodextrin transport, a mutant with a cassette insertion mutation in the malA gene was constructed. Growth of the resulting strain, C. crescentus HB2003 malA, was tested on M2 minimal agar plates containing no carbon source. Maltodextrins were applied to paper disks placed on the agar. Growth of mutant HB2003 was supported by maltose, maltotriose, and maltotetraose, but not by maltoheptaose and maltohexaose (Table 3) . Since the growth zone around the paper disk with maltotetraose was relatively poor, the exclusion limit of the outer membrane lacking MalA was between the size of maltotetraose and maltopentaose. Transformation of the malA mutant with the wild-type malA gene restored growth on maltopentaose and maltohexaose (Table 3) . MalA supported uptake of the larger maltodextrins across the outer membrane of C. crescentus.
MalA-dependent maltodextrin transport. The use of maltopentaose and maltohexaose as a carbon source required MalA, in contrast to maltose, on which the malA mutant could grow. Since even low uptake rates (time period of minutes) could be sufficient to support growth (time period of a day), the uptake rate of [
14 C]maltose into wild-type and mutant cells were compared. C. crescentus JS1003 grown on maltose as a carbon source rapidly took up [
14 C]maltose (Fig. 5) . After 1-min incubation, 70% of the final value was attained. A 100-fold excess of unlabeled maltose added together with the radioactive maltose reduced the transport rate to 14% of the uninhibited level (Table 4) . Maltopentaose nearly abolished [
14 C]maltose transport. A 15-fold excess of maltose over [
14 C]maltose reduced the 1-min transport value to 23% of the uninhibited level compared to 9% attained with maltotetraose. The stronger inhibition of maltotetraose and maltopentaose may reflect a tighter binding of the larger maltodextrins to MalA (see later) and possibly the cytoplasmic membrane transporter than the binding of maltose. Strain JS1003 grown on glucose showed a maltose transport rate 29% of that of cells grown on maltose (Fig. 5 and Table 4 ). The data indicate that maltose is transported by C. crescentus, maltose transport is inducible by growth on maltose, and maltodextrins inhibit uptake of labeled maltose.
C. crescentus HB2003 malA transported [ 14 C]maltose very slowly (Fig. 6) . Maltose transport was linear and after 2 min reached 1.3% of the level of transport into strain JS1003 (Table 4 ) and after 25 min reached 7% of the transport into strain JS1003 (data not shown). The low maltose uptake rate into mutant HB2003 suffices to support growth, and apparently the slow uptake was determined by slow diffusion of maltose across the outer membrane. The diffusion-controlled uptake of Concentration-dependent maltose transport showed biphasic kinetics, a fast rate between 0.1 and 0.5 M maltose and a slow rate between 1 and 5 M maltose (Fig. 7) (Table 3), and [ 14 C]maltose transport in strain HB2004 was as high as in strain JS1003 (Fig. 6 and Table 4 ). In the tonB mutant, the tonB deletion was verified by Southern blotting of BamHI and BamHI-NotI fragments of chromosomal DNA and hybridization with tonB was amplified by PCR from plasmid pETextonB. Wild-type JS1003 yielded the expected 3.5-kb BamHI fragment and the 2-kb and 0.8-kb BamHI-NodI fragments, whereas these fragments were lacking in HB2004 (data not shown). In addition, PCR with one of the primers binding in tonB yielded the expected fragment with the wild-type strain and no fragment with the tonB mutant. Growth of the HB2007 exbBD double mutant was reduced on maltotriose and maltotetraose and abolished on maltopentaose and maltohexaose. Growth of the HB2007 exbBD mutant on the maltodextrins was largely restored after transformation with plasmid pMRexb1, which carries the wild-type exbBD genes (Table 3) . [ 14 C]maltose transport into HB2007 exbBD was very low (Fig. 6 and Table 4 ). Treatment of cells with 0.1 mM CCCP reduced the residual maltose transport to zero, suggesting that transport into the exbBD mutant resulted from diffusion through the outer membrane and transport across the cytoplasmic membrane. The latter was inhibited by CCCP. The tonB exbB exbD triple mutant HB2006 displayed growth properties similar to those of the exbBD double mutant (Table 3) . Transformation of the triple mutant with pETextonB (tonB exbB exbD) restored growth on maltopentaose and maltohexaose and transport of the maltose (data not shown).
To examine whether the failure of the exbBD mutant to transport maltose was caused by a lack of MalA in the outer membrane, 2-D electrophoresis was performed with an isolated outer membrane fraction of strain HB2007. The MalA spot was observed in amounts similar to those shown in Fig. 2C for JS1003, and MALDI-TOF mass spectrometry identified the spot as MalA (data not shown).
Transport of larger maltodextrins. To relate the absence of growth of the malA and exbBD mutants on the larger maltodextrins to the lack of transport, [ Energy depletion of cells should allow determination of maltose binding to MalA in intact cells, provided binding was not influenced by energization of MalA. A 10 M concentration of CCCP reduced maltose transport to 65%, 50 M CCCP reduced maltose transport to 36%, and 100 M CCCP reduced maltose transport to 1%. The CCCP concentrations are higher than are required for E. coli, where 10 M CCCP completely inhibits proton motive force-dependent transport, but the same (100 M) in Pseudomonas aeruginosa (17 14 C]maltose binding was observed to isolated outer membranes, since the very low levels were the same in outer membrane preparations from wild-type cells and malA mutant cells. As will be shown later, binding of maltose to isolated MalA could not be determined, since no native MalA was obtained.
Iron uptake by the tonB mutant and the exbB exbD mutant. Lack of maltose transport and growth of mutant HB2007 exbB exbD on maltopentaose and maltoheptaose pointed toward an energy-dependent maltodextrin transport through MalA. Because Fe 3ϩ siderophore transport depends on ExbB ExbD, whether iron uptake by C. crescentus required ExbB ExbD was tested. Strain JS1003 did not grow on M2G minimal medium without the addition of FeSO 4 ; 5 M was sufficient. At this iron concentration, the growth curve of mutant HB2007 exbB exbD showed a longer lag phase than strain JS1003, but the cell density reached after 22 h was similar to that of the wild type. Whether strain JS1003 uses Fe 3ϩ siderophores to achieve growth in M2 medium supplemented with 0.2% Casamino Acids to which no iron was added was tested. Addition of the iron-complexing compounds dipyridyl (50 M) and ethylenediamine dihydroxyphenylacetic acid (EDDA) (10 M), which cannot be used by C. crescentus, prevented growth. Of the siderophores tested on plates containing dipyridyl and EDDA, only rhodotorulic acid and desferral supported growth, whereas ferrichrome, ferricrocin, ferrichrome A, citrate, fusigen, arthrobactin, schizokinen, coprogen, rhizoferrin, staphyloferrin, and dihydroxybenzoic acid failed to support growth. In contrast to strain JS1003, growth of HB2007 exbB exbD was VOL. 187, 2005 C. CRESCENTUS OUTER MEMBRANE MalA TRANSPORTER 8307
on October 30, 2017 by guest http://jb.asm.org/ not supported by rhodotorulic acid, and growth on desferral was reduced from 25-to 15-mm growth around filter paper disks to which 10 l of a 1 mM solution of the siderophore had been added. Mutant HB2004 tonB showed growth properties similar to those of strain JS1003. These results support the conclusion that ExbB and ExbD are required for Fe 3ϩ -rhodotorulate uptake.
The TolQ TolR proteins of C. crescentus cannot functionally replace the ExbB ExbD proteins. exbB exbD mutants of E. coli can partially be suppressed by the homologous tolQ tolR genes (8) . A search of the C. crescentus genome sequence revealed the tolQ and tolR homologs cc3233 and cc3232, respectively. Additional open reading frames belonging to the E. coli tol locus were found at the same site: cc3229, homologous to the PAL gene; cc3230, homologous to tolB; and cc3231, homologous to tolA. Clustering of these genes in the same order and transcriptional polarity, tolQ tolR tolA tolB pal, as in E. coli (12, 13) suggests that this is indeed the tol locus of C. crescentus. The clear phenotype of the exbB exbD mutants indicates that in C. crescentus, tolQ tolR cannot functionally replace exbB exbD in MalA-mediated maltodextrin transport and rhodotorulic acid-mediated Fe 3ϩ transport. Nevertheless, we attempted to isolate a chromosomal tolQ tolR deletion mutant. A Gm r insertion and an ⍀ insertion between the genes flanking tolQ tolR were constructed (plasmids pHB141 and pHB142, respectively), but double recombination into the C. crescentus genome failed. It is possible that the tol locus plays an essential role in C. crescentus, e.g., in the assembly of the outer membrane, as has been suggested for E. coli (13) .
MalA does not complement a LamB mutant. LamB facilitates diffusion of maltodextrins across the outer membrane of E. coli. To examine whether malA complements an E. coli lamB mutant, E. coli KB419 was transformed with plasmid pBAD2287 malA. A second KB419 transformant contained, in addition to malA, the C. crescentus tonB exbB exbD genes on plasmid pETextonB in case MalA functions as an energycoupled transporter and requires the homologous TonB, ExbB, and ExbD proteins. The transformants were suspended in soft agar containing M2 minimal medium lacking a carbon source, which was then poured onto M2 minimal medium plates supplemented with 0.2% arabinose to induce malA transcription. This concentration of arabinose supported slow growth which did not interfere with the growth stimulation assay around paper disks onto which 10 l of a 40% solution of glucose, maltose, or maltodextrins was applied. Growth of mutant KB419 lamB and its transformants was stimulated by glucose, maltose, and maltotriose, but not by maltotetraose, which indicated that MalA was not active in E. coli.
Isolation of MalA from an E. coli malA transformant. There were several reasons to purify MalA from E. coli. (i) Purified MalA could not be isolated in sufficient amounts from C. crescentus. The level of MalA was low, and there were too many outer membrane proteins with similar properties. (ii) The properties of isolated MalA from E. coli may provide hints for its inactivity in E. coli. (iii) Isolated MalA was required for raising MalA antiserum. (iv) Isolated MalA may be used to study pore-forming properties in artificial lipid bilayer membranes. E. coli porins and LamB maltoporin exhibit singlechannel conductance when incorporated into artificial lipid bilayer membranes (2-4) . In contrast, TonB-dependent outer membrane transporters form closed channels that do not support flux of ions (34) . To facilitate purification, a His 6 tag was added to the C terminus of MalA (MalAHis 6 ). The malA gene was cloned into E. coli omp8 lamB ompC ompF ompA, which lacks the major porins which, as contaminants, might interfere with MalA conductance. Cloning of malA in the medium-copynumber vector pT7-7, which provides an ideal ribosome binding site for high levels of malA translation, resulted in transformants that lysed. Surviving colonies had mutations in malA. Apparently, large amounts of MalA are lethal to E. coli. Therefore, the malA gene was cloned under the tight control of the arabinose operon, and MalA synthesis was induced by 0.002% L-arabinose. MalA formed a prominent band in an SDS-polyacrylamide gel at an electrophoretic position corresponding to 100 kDa (data not shown). MalAHis 6 in isolated outer membranes was solubilized by overnight incubation at 12°C in 0.1% SDS, whereas 1.5% dodecyl-N,N-dimethylamine-N-oxide (LDAO), 5% LDAO-0.6 M NaCl, 1.5% octylglycoside, and 1.5% CHAPS did not solubilize the protein. MalAHis 6 in SDS was bound to Ni 2ϩ -NTA agarose and eluted with buffer containing 250 mM imidazole (Fig. 8) . Outer membrane proteins are usually soluble in LDAO buffers from which they were crystallized. Resistance of MalA to mild solubilization suggests that it was not integrated with its native conformation in the outer membrane of E. coli and may even form inclusion bodies which cofractionate with the outer membrane. This conclusion was supported by ion flux measurements in artificial lipid bilayer membranes which were performed according to the published procedures (2-4). SDS-solubilized MalAHis 6 added to one of two compartments containing 1 M KCl resulted in an ion flux. The conductance increased more or less steadily and did not show distinct single conductance steps as is characteristic for outer membrane porins. The histogram of the probability of the occurrence of certain conductivity steps showed a broad range of values from 0.25 to 4.75 G/nS. A control sample isolated exactly in the same way from untransformed E. coli omp8 did not show any conductance increase indicating the absence of outer membrane porins (data not shown). If MalA contains a binding site for maltodextrins in the pore, addition of maltodextrins might inhibit conductance, as has been shown for LamB (4) . Only very high concentrations of maltose (up to 0.35 M) reduced conductance by 70% of that of the untreated MalA sample. The 50% saturation constant derived from the inhibition data was about 220 mM (mean of four titration 
DISCUSSION
Growth of C. crescentus on maltose as the sole carbon source induced the synthesis of the MalA protein. MalA was necessary for growth on maltopentaose and maltohexaose but was dispensable for growth on maltose, maltotriose, and maltotetraose, which indicated the presence of other proteins in the outer membrane that support diffusion or facilitated diffusion of the smaller maltodextrins. Lack of MalA reduced growth of C. crescentus on maltotetraose, whereas lack of the LamB protein reduced growth of E. coli already on maltotriose. The MalA-independent pores in the outer membrane of C. crescentus are somewhat larger than the LamB-independent pores in the outer membrane of E. coli.
To examine whether MalA forms a maltose-specific pore or an energy-dependent transporter, C. crescentus tonB and exbB exbD mutants were isolated. The exbB exbD mutants could not grow on maltopentaose and maltohexaose but grew on the smaller maltodextrins. Uptake of [
14 C]maltose into the exbBD mutant was very low (Table 4 ) but sufficed to support growth. The larger maltodextrins were not transported. The relationship of ExbBD dependence to the energy requirement was supported by the ExbB ExbD dependence of iron transport mediated by rhodotorulic acid. These results indicated that MalA is a transporter and not a maltoporin. The smaller maltodextrins pass through the outer membrane by diffusion most likely not mediated by MalA, but rather by other, unidentified proteins. This hypothesis is based on the properties of the iron, ferric siderophore, and heme transporters across the outer membrane, which do not form diffusion pores unless energized by interaction with TonB.
Unexpectedly, the tonB mutant could grow on maltopentaose, maltohexaose, and Fe 3ϩ -rhodotorulate, and transported [ 14 C]maltose at the wild-type rate. The predicted TonB protein shows 26.1% sequence identity to E. coli TonB, contains an N-proximal transmembrane segment with a histidine residue at a position equivalent to that of the functionally important His-20 of E. coli TonB (59) but lacks the functionally important Ser-16 (36) . It also contains a number of proline residues that are thought to play a role in spanning the periplasmic space (29, 37) . However, the sequence around Gln-160, which in E. coli TonB interacts with outer membrane transporters (27, 52) , is very different in C. crescentus TonB. It is therefore questionable whether this TonB homolog can interact with the MalA TonB box, and this is consistent with the finding that lack of TonB does not affect MalA activity.
C. crescentus, belonging to the ␣-Proteobacteria, is not very closely related to E. coli, which belongs to the ␥-Proteobacteria. No protein other than the TonB protein encoded by the C. crescentus genome is similar in size and sequence to the E. coli TonB protein; there is, however, a larger protein of 401 amino acid residues that is 41% identical to C. crescentus TonB. This protein might function as TonB or substitute for the examined TonB in maltopentaose and maltoheptaose transport when TonB is lacking. Several TonB proteins which can completely or partially functionally substitute for each other have been found in various other organisms, e.g., Serratia marcescens (42) , Vibrio cholerae (54) , and Pseudomonas aeruginosa (29, 63) . The function of the 401-residue protein is currently being investigated.
Further evidence for a transporter function of MalA in contrast to a pore activity was obtained from transport kinetics and maltodextrin binding studies. Concentration-dependent maltose transport showed biphasic kinetics, a fast initial rate and a slower second rate. The K d value derived from the fast rate was 0.22 M, and the K d derived from the slower rate was 5.4 M. Similar biphasic kinetics were first observed in the energycoupled vitamin B 12 transport into E. coli in which the initial rapid phase was energy independent and showed saturation kinetics, whereas the second slower phase was energy dependent. It was concluded that the first phase reflects loading of a membrane carrier and the second phase reflects release from the membrane binding site into the interior of the cells (20) . Subsequent studies identified the BtuB energy-coupled transporter in the outer membrane that binds vitamin B 12 with a K d of 5 nM and an ABC transporter in the cytoplasmic membrane (14, 15, 20, 61) . In contrast to BtuB and the iron siderophore outer membrane transporters, binding of maltose displayed a higher K d value. Nonradioactive maltose at a concentration of 0.4 M reduced radiolabeled maltose transport to 50%, which indicates a K d of 0.4 M. This value was similar to the K d of 0.22 M derived from the initial rapid transport rate in the maltose concentration-dependent transport assay. Maltotetraose reduced maltose transport at a concentration of 0.1 M which reflects the higher affinity of MalA to the larger maltodextrins. Although the K d of maltose binding to MalA is 100-fold larger than the K d values of the vitamin B 12 and iron transporters, it is 1,000-fold lower than the K m of p-nitrophenyl-␣-D-maltohexaoside binding, 0.13 mM, to the LamB porin (26) . Stability constants determined in vitro for LamB incorporated into artificial lipid bilayer membrane range from 10 mM for maltose to 0.067 mM for maltohexaose (3, 4) .
Unexpectedly, cells deprived of energy by treatment with CCCP or kept on ice, as well as exbBD mutants, showed very low maltose binding which increased somewhat with the larger maltodextrins. This could mean that binding of maltodextrins to MalA requires energy that is used to induce a bindingcompetent MalA conformation. In contrast, TonB-coupled transporters do not require energy for substrate binding but do require substrate release from the transporters (15, 17, 42, 51, 60) . Since C. crescentus is very distinct from E. coli and related ␥-proteobacteria, it is not unexpected that the transport mechanism across the outer membrane differs in details.
MalA was able to integrate into artificial lipid bilayer membranes and form pores through which KCl ions moved. This was unexpected for an energy-coupled outer membrane transporter that does not form permanently open pores (14, 15, 34, 35, 46 The results demonstrated the potential of MalA to form a pore. We propose that under natural conditions in the C. crescentus membrane, MalA forms a closed pore that opens upon interaction with TonB. Opening of the pore and release of the maltodextrins from their binding site require energy, which is harvested from the transmembrane potential of the cytoplasmic membrane by the predicted TonB-ExbB-ExbD protein complex. The prediction of a TonB box, plug, and ␤-barrel supports the proposed active MalA transporter. An alternative, less likely model proposes a permanently open pore in MalA through which maltose and maltotriose slowly diffuse. Such a pore would be too small for diffusion of maltopentaose and maltohexaose, or tight binding to MalA results in a diffusion that is too slow to support growth. At low maltodextrin concentrations with a low MalA substrate occupancy, energy input is important and changes the conformation of the maltodextrin binding site, and maltodextrins are released and diffuse through the pore into the periplasm. In addition, energization may widen the pore to allow a faster diffusion.
Experiments aimed at providing further support for an energy requirement of MalA-mediated transport by using inhibitors of the proton motive force, such as CCCP, were hampered by the likely involvement of a proton or sodium gradient in the transport of maltodextrins across the cytoplasmic membrane. Analysis of the C. crescentus genome sequence revealed a gene encoding a putative transporter close to malA that resembles the Na ϩ -melibiose cotransporter and H ϩ -sugar cotransporters in prokaryotes and in particular sucrose transporters of plants. In the systems studied, substrates such as Fe 3ϩ , Fe 3ϩ -siderophores, heme, and vitamin B 12 , which are translocated across the outer membrane by proton motive forcecoupled transporters, are translocated across the cytoplasmic membrane by ATP-dependent ABC transporters. In the case of maltodextrin transport of C. crescentus, inhibitors of the transmembrane potential of the cytoplasmic membrane would inhibit transport across the outer membrane and the cytoplasmic membrane as well. Up to now all substrates that are ExbBD-dependent transported across the outer membrane are transported across the cytoplasmic membrane by ABC transporters. ABC transporters require a periplasmic binding protein which is not encoded in the C. crescentus mal locus. The C. crescentus Mal system is the first which most likely uses the electrochemical potential for transport across the cytoplasmic membrane.
The Mal system of C. crescentus differs from the Mal system of E. coli not only with respect to the transport mechanisms across the outer membrane and the cytoplasmic membrane but also with regard to its regulation. Analysis of the genome sequence predicts a transcriptional repressor of the LacI family, whereas the maltose regulon of E. coli is regulated by the MalT transcriptional activator and the MalK ATPase of the ABC transporter (32) . There are also similarities. The glucoamylase encoded close to malA contains a signal peptide and might degrade larger maltodextrins in the periplasm to smaller maltodextrins, as does MalS in E. coli. The two ␣-amylases encoded close to malA might degrade maltodextrins in the cytoplasm as do the E. coli MalP maltodextrin phosphorylase and MalQ amylomaltase. We found no evidence of secretion of the glucoamylase and the two ␣-amylases into the culture medium; starch did not serve as a substrate.
Previous 2-D electrophoretic analysis of outer membrane proteins and MALDI-TOF analysis identified 16 putative TonB-dependent outer membrane proteins in C. crescentus (44) . In another 2-D, MALDI-TOF study, 18 putative TonBdependent outer membrane proteins were identified in the stalk of C. crescentus (30) . The protein composition varied when cells were grown in minimal and rich media (28, 44) . Xylose induced expression of nine putative TonB-dependent receptors (28) . These studies did not relate the use of a nutrient to a particular TonB-dependent receptor. A protein of Bacteroides thetaiotaomicron, SusC, which showed sequence similarity to known TonB-dependent receptors of other gramnegative bacteria, has been related to the utilization of maltooligosaccharides (49) . The dependence of TonB, ExbB, and ExbD transport on growth on substrates was not determined in any of these studies.
In conclusion, this study relates for the first time uptake of nutrients other than iron and vitamin B 12 to an ExbB/ExbDdependent transporter in a gram-negative cell. Maltodextrins derived from abundant starch in nature serve as nutrients. At low concentrations, as they probably occur in the habitats of C. crescentus, energy-coupled transport of the maltodextrins across the outer membrane is required. At higher concentrations, maltose and maltotriose can diffuse through the outer membrane in the absence of MalA. The diffusion pores exclude larger compounds, such as maltopentaose and maltohexaose.
